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Abstract

Previous studies have linked biogeophysical signatures to the presence of iron minerals
resulting from distinct biophysicochemical processes. Utilizing geophysical methods as a proxy of such
biophysicochemical processes requires an understanding of the geophysical signature of the different iron
minerals. Laboratory experiments were conducted to investigate the complex conductivity and magnetic
susceptibility signatures of ﬁve iron minerals disseminated in saturated porous media under variable iron
mineral content and grain size. Both pyrite and magnetite show high quadrature and inphase conductivities
compared to hematite, goethite, and siderite, whereas magnetite was the highly magnetic mineral
dominating the magnetic susceptibility measurements. The quadrature conductivity spectra of both pyrite
and magnetite exhibit a well-deﬁned characteristic relaxation peak below 10 kHz, not observed with the
other iron minerals. The quadrature conductivity and magnetic susceptibility of individual and a mixture of
iron minerals are dominated and linearly proportional to the mass fraction of the highly conductive (pyrite
and magnetite) and magnetic (magnetite) iron minerals, respectively. The quadrature conductivity magnitude
increased with decreasing grain size diameter of magnetite and pyrite with a progressive shift of the characteristic
relaxation peak toward higher frequencies. The quadrature conductivity response of a mixture of different grain
sizes of iron minerals is shown to be additive, whereas magnetic susceptibility measurements were insensitive
to the variation in grain size diameters (1–0.075 mm). The integration of complex conductivity and magnetic
susceptibility measurements can therefore provide a complimentary tool for the successful investigation of in
situ biophysicochemical processes resulting in biotransformation or secondary iron mineral precipitation.

1. Introduction
Microbial mineral interactions and biophysicochemical processes play an important role in the cycling of
elements in the Earth and the coupling of many biogeochemical cycles. Most important are the linkages of
carbon, sulfur, and iron biogeochemical cycles often resulting in the precipitation of a variety of minerals [Lovley,
1991, 1993; Nealson and Saffarini, 1994; Kappler and Straub, 2005; Cooper et al., 2006; Blöthe and Roden, 2009].
Microbially mediated iron minerals are of particular signiﬁcance because they comprise approximately 40% of
all minerals formed by microorganisms [Lowenstam, 1986; Bazylinski and Frankel, 2003]. Many species of
microorganisms, mainly anaerobic bacteria, are capable of reducing crystalline and amorphous Fe(III) oxides
[Lovley, 1993; Roden and Zachara, 1996; Zhang et al., 1997, 1998; Roh et al., 2001]. Anaerobic Fe(III)-reducing
bacteria precipitate or transform these iron oxides/hydroxides into crystalline Fe(II) containing mineral phases
such as magnetite (Fe3O4), siderite (FeCO3), vivianite [Fe3(PO4) · 2H2O], and iron sulﬁde (FeS) [Postma, 1981;
Zhang et al., 1997, 1998; Fredrickson et al., 1998]. The presence of these biogenic Fe minerals may serve as
physical indicators for previous biological activities in modern and ancient geological settings [Liu et al., 1997;
Zhang et al., 1997, 1998] and may be used to infer either ongoing or past redox processes. Therefore, the
development of techniques that are sensitive to the iron mineralogy, which are linked to different subsurface
biogeochemical compartments, is sorely needed.
Compared with conventional borehole sampling and laboratory analysis, near-surface geophysical
techniques provide such a potential. In particular, both induced polarization (IP) (or complex conductivity)
and magnetic susceptibility methods are emerging techniques used for investigating abiotic and biotic
processes resulting in iron mineral formation. The IP method has been applied to the study of metal-sand
mixtures [Gurin et al., 2013; Mansoor and Slater, 2007; Slater et al., 2005, 2006; Wu et al., 2005], monitoring of
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biotic [Flores Orozco et al., 2011; Ntarlagiannis et al., 2005; Williams et al., 2005, 2009; Slater, 2007; Personna
et al., 2008] and abiotic sulﬁde precipitation [Ntarlagiannis et al., 2010]. More recently, the magnetic
susceptibility method has been used to map magnetic iron biominerals at hydrocarbon contaminated
sites where iron reduction is coupled with the oxidation of organic carbon [Rijal et al., 2010, 2012; Mewafy
et al., 2011, 2013; Atekwana et al., 2014]. In addition, laboratory studies have documented changes in
magnetization associated with microbial precipitation of magnetite [Porsch et al., 2013; Klueglein et al., 2013].
Magnetic susceptibility measurements have also been used to map the sulfate-methane transition zone in
marine sediments associated with anaerobic oxidation of methane where the diagenetic dissolution of
primarily ferrimagnetic (titano)magnetite iron oxides around the iron redox boundary is occurring resulting in
the total loss of magnetization and a distinct minima in the magnetic susceptibility [Garming et al., 2005;
Riedinger et al., 2005].
In previous studies, the geophysical responses of the iron minerals are limited to the use of either complex
conductivity or magnetic susceptibility which in turn is limited to the sensitivity of each method to the
physical property of interest and may induce some ambiguity in the interpretation of the measured
geophysical parameters. For example, some iron biominerals are conductive but less magnetic (e.g., pyrite)
and therefore using only magnetic susceptibility measurements will not be successful in delineating the
iron biomineral and the associated biogeochemical process (e.g., the delineation of sulfate reducing zones).
In addition, to the best of our knowledge, there is no single study that has investigated the geophysical
response of the mixture of different iron minerals or different grain sizes to mimic true complex subsurface
conditions. Moreover, biotic laboratory experiments do not record the true geophysical responses of the
biotic formed iron minerals since the interpretation of the results is complicated by the coupling of other
biological (e.g., microbial growth and bioﬁlm development) and geochemical (e.g., changes in ﬂuid chemistry
due to metabolic byproducts) changes [Revil et al., 2012a]. Therefore, integrating both complex conductivity
and magnetic susceptibility techniques will have the potential of minimizing the ambiguity in the
interpretation of the geophysical response (resulting from using only one technique) as well as recording the
true geophysical signatures of these iron phase minerals.
In this work, we report on the results of several abiotic laboratory experiments conducted under fully
saturated conditions to investigate the complex conductivity and magnetic susceptibility signatures of
(i) different iron mineral phases (pyrite, magnetite, goethite, hematite, and siderite), (ii) mixtures of equal
proportions of iron minerals, and (iii) different iron mineral mass content and grain size. Our results suggest
that geophysical methods can be used as complementary tools for the monitoring of biophysicochemical
processes resulting in different iron mineral phase formation with implications for iron biomineralization
and iron cycling studies.

2. Complex Conductivity
Complex conductivity (or induced polarization) is an extension of the classical electrical resistivity method
broadly used in hydrogeophysics (see a recent review of both methods in Revil et al. [2012b]). In complex
conductivity, we consider both the magnitude and phase lag between the electrical ﬁeld and the current
density in a broad frequency range, typically going from 1 mHz to few tens of kHz (100 Hz in ﬁeld conditions).
The measured frequency-dependent complex conductivity σ* (ω) of a porous medium can be represented
with an inphase (real) conductivity component (σ′) or electromigration term, and a quadrature (quadrature)
conductivity component (σ″) or polarization term. The inphase and quadrature conductivities can be
calculated from the measured impedance magnitude |σ| and the phase shift φ of the sample as follows:
σ ′ ¼ jσ j cosφ;

(1)

σ ″ ¼ jσ j sinφ:

(2)

The inphase (real, σ′) conductivity component represents ohmic conduction currents that contain a bulk
conductivity in the pore water and a surface conductivity [Waxman and Smits, 1968; Lesmes and Frye, 2001].
The surface conductivity results from surface conduction via the formation of an electrical double layer (EDL)
at the grain-ﬂuid interface [Revil and Glover, 1998]. The out of phase (quadrature or quadrature) conductivity
σ″ represents the polarization term associated with the reversible storage of electrical charges in porous
media. At low frequencies (<1 kHz), this contribution can be modeled as a function of the physicochemical
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properties of the grain-ﬂuid interface [Vinegar and Waxman, 1984; Dukhin and Shilov, 2002; Vaudelet et al.,
2011a, 2011b]. Conduction and polarization of the electrical double layer is a function of speciﬁc surface area,
surface charge density, surface ionic mobility, and bulk tortuosity [Schön, 1996; Revil and Glover, 1998; Lesmes
and Frye, 2001; Revil et al., 2013].
At low frequencies (<1 kHz), several conduction and polarization mechanisms can exist in saturated
iron mineral containing sediments [Wu et al., 2005, 2009]. A complex interfacial conductivity (σ*int)
represents conduction and polarization processes occurring at the iron mineral/electrolyte interface,
whereas an electronic conduction term accounts for conduction via interconnected electronically
conductive iron minerals. The complex conductivity of the metallic particles incorporates both
conduction and polarization within the electrical double layer (EDL) occurring at the electrolyte/iron
mineral interface which includes a diffusive mechanism associated with ion migration to and from the
metallic surface [Wong, 1979; Slater et al., 2005] and an electrochemical mechanism associated with
redox active ions that transfer electrons across the mineral/electrolyte interface, via redox reactions,
to the particle that can be an electronic conductor or a semiconductor [Wong, 1979]. Whereas the
measured in phase depends on electrolytic conduction, electronic conduction, and interfacial conduction,
the quadrature conductivity is only dependent on the interfacial properties of iron minerals. Also, the
interfacial conduction appears to depend on the surface area of the iron mineral particles in porous media
[Slater et al., 2005, 2006].

3. Magnetic Susceptibility
Magnetic susceptibility measurements are a nondestructive and cost effective method of determining
the presence of iron-bearing minerals within the sediments. The magnetic susceptibility of a mineral
or sediment is the physical quantity reﬂecting the ease with which that mineral or sediment can
become magnetized when placed in a magnetic ﬁeld [Marcon et al., 2011]. Magnetic susceptibility is
deﬁned as the ratio between magnetization, M, of the material in the magnetic ﬁeld and the ﬁeld
intensity, H [Mullins, 1977; Dearing et al., 1985]:
M ¼ χb H

(3)

where χ b denotes the bulk magnetic susceptibility of the material. Because M and H have the same units
(A/m), χ b is dimensionless. In practice, the magnetic response of a substance to an applied ﬁeld can be
normalized by volume or by mass or not normalized at all. The volume susceptibility, χ v, is dimensionless
in SI units, whereas the mass susceptibility, χ m, is measured in m3/kg. The magnetic susceptibility of
unconsolidated sediments varies according to the type, volume fraction, size, and shape of the magnetic
minerals disseminated in the sediments [Mullins, 1977]. All materials can be classiﬁed by the value of their
magnetic susceptibility into three major groups: diamagnetic materials ( 1 < χ b < 0), paramagnetic
materials (0 < χ b ≤ 1), and ferromagnetic materials ( χ b ≥ 1). Although all minerals exhibit some degree of
magnetic behavior, ferrimagnetism is the most important among magnetic minerals in soils and sediments
[Dearing et al., 1985]. Ferrimagnetism results from the unique alignment of the magnetic moments within
minerals such as magnetite.

4. Materials and Methods
4.1. Iron Minerals Preparation
Five different iron minerals were selected for the present study which represents iron oxides (magnetite
Fe3O4 and hematite α-Fe2O3), iron oxyhydroxides (goethite α-FeO (OH)), iron sulﬁdes (pyrite FeS2), and iron
carbonates (siderite FeCO3). The iron mineral specimens were obtained from the Geology Department at
Oklahoma State University with purity up to 99%. The specimens were crushed into ﬁne particles using a rock
crusher and sieved into different grain size diameters (1–0.6, 0.6–0.3, 0.3–0.15, 0.15–0.075, and <0.075 mm).
The sieved iron minerals were immediately stored in air tight closed container to avoid possible oxidation
due to long exposure to air and for later use for the different experiments.
4.2. Porous Medium and Pore Fluid
The porous medium used for the experiments consisted of ﬁne silica Ottawa sands (U.S. Silica Company) with
a median grain diameter distribution d50 = 200 ± 10 μm and a porosity of 0.45 ± 0.02 (calculated from the total
ABDEL AAL ET AL.
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Figure 1. Schematic of column setup and instrumentation used in complex conductivity and magnetic susceptibility
measurements. The complex conductivity measurements are obtained using a dynamic signal analyzer (DSA) (National
Instruments (NIs)–4461) and AD620 preampliﬁer to boost the input impedance on the voltage channel and prevented
current leakage into the circuitry (the system sensitivity is less than 0.1 mrad at frequencies below 100 Hz). The magnetic
susceptibility measurements are obtained with BartingtonMS2 magnetic susceptibility meter and MS2B dual frequency
6
sensor (operating frequency 4.65 kHz ±1% and maximum resolution of 2 × 10 SI).

volume of the column minus the volume of the dry sand). The ﬂuid used to saturate the sand was agar gel,
which is chosen to provide a homogenous distribution of the disseminated iron mineral particles when
mixed with sand. Also, the agar gel prevented the settling of the iron mineral particles to the base of the
sample holder due to the high density of these minerals. The Agar gel was prepared by dissolving 10 g of agar
(BD Difco) into 1000 mL of DIW under stirring and heating up to 70°C. After cooling, the agar gel has an
electrical conductivity of 0.0256 ± 0.003 S/m and a pH of 6.13 ± 0.01. In addition, sodium chloride (NaCl)
solution with the same conductivity and pH of agar gel was prepared.
4.3. Sample Holder and Instrumentation Setup
A schematic representation of the complex conductivity and magnetic susceptibility setup used in this
study is shown in Figure 1. For the complex conductivity measurements, the sample holder/column
was constructed from polyvinyl chloride (PVC) pipe with an inner diameter of 3.4 cm and a length
of 12 cm. Four nonpolarizing Ag-AgCl electrodes housed in electrolyte (agar gel mixed in 3 M
concentration of KCl) ﬁlled chambers were placed 2 cm apart along the length of the column and
located just outside the current ﬂow path. The outer two electrodes were used to inject the current
sinusoid, and the two inner electrodes were used to record the output voltage sinusoid. Two rubber
stoppers were used to cap the two ends of the column after packing with the mixture of iron, agar
gel, and sand. The four nonpolarizable electrodes (AB for the current and MN for the voltage) were
connected to a dynamic signal analyzer (DSA) (National Instruments (NIs)–4461) to perform the
complex conductivity measurements between 0.1 Hz and 10 kHz at 16 equal logarithmic intervals
(sensitivity of 0.1 mrad over this frequency range). An AD620 preampliﬁer boosted the input impedance on the
voltage channel and prevented current leakage into the circuitry. The impedance magnitude |σ| and the phase
shift φ (between a measured voltage sinusoid and an impressed current sinusoid) of the sample were
measured relative to a high-quality resistor. The real (σ′) and quadrature (σ″) parts of the sample complex
conductivity (equations (1) and (2)) were then calculated. After the complex conductivity measurements, three
samples were retrieved and transferred from the sand column into 10 mL cylindrical plastic bottles. Then
the volumetric magnetic susceptibility (χ v) measurements were obtained using a Bartington MS2 magnetic
susceptibility meter and MS2B dual frequency sensor (operating frequency 4.65 kHz ±1% and maximum
resolution of 2 × 106 SI for χ v).
ABDEL AAL ET AL.
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5. Experimental Procedure
5.1. Complex Conductivity
Two control experiments were conducted to
investigate (1) the effect of agar gel viscosity
on the measured complex conductivity
response by comparing the complex
conductivity response of agar gel-sand mixture
versus NaCl-sand mixture with the same
electrolytic conductivity (0.0256 ± 0.003 S/m)
and (2) the effect of packing and the
reproducibility of complex conductivity
response by conducting triplicate complex
conductivity measurements of agar gel-sand
mixture. Following these control experiments,
ﬁve main laboratory experiments (I–VI) were
conducted with the prepared different iron
mineral phases using complex conductivity
measurements in saturated sand columns.
All experiments are conducted at the same
ambient laboratory temperature, typically
22 ± 1°C. The same procedure was applied
to all the experiments by mixing one pore
volume of agar gel to ﬁxed amount (250 g)
of ﬁne sands and the experimentally iron
minerals under different conditions. The agar
gel-ﬁne sand-iron mineral mixture was packed
Figure 2. Results of complex conductivity measurements, (a) quadrature
into the constructed PVC pipe, and complex
conductivity (σ″) and (b) inphase conductivity (σ′) of agar gel-sand
conductivity measurements were obtained
mixture and NaCl-sand mixture with electrolytic conductivity of
0.0256 ± 0.003 S/m. There is a minimal difference between the complex
in the frequency range of 0.1 Hz–10 kHz.
conductivity response of agar gel-sand mixture and NaCl-sand mixture. Experiment (I) was conducted to investigate
the complex conductivity response of each
of the ﬁve iron phase minerals (pyrite, magnetite, goethite, hematite, and siderite) with the same content
(1% w/w or 10 mgiron mineral/gsand) and grain diameter (0.3–0.15 mm).
In experiment (II), four different iron mineral mixtures (magnetite + hematite, magnetite + goethite,
magnetite + siderite, and magnetite + pyrite) were prepared with equal proportions (1% w/w or 10 mgiron
mineral/gsand of each using the same grain diameter of 0.3–0.15 mm) and complex conductivity measurements
were obtained. Experiment (III) was performed to investigate the effect of different iron mineral content
(0, 1.5, 5, 10, and 20 mgiron mineral/gsand) with ﬁxed grain diameter (0.3–0.15 mm) in the complex conductivity
response of saturated ﬁne sand. The experiment was conducted using magnetite and pyrite as examples as
they have been the focus of many recent laboratory and ﬁeld biogeophysical studies. Experiment (IV) was
performed to investigate the effect of different grain diameters of magnetite and pyrite using the following
range of sizes: 1–0.6, 0.6–0.3, 0.3–0.15, 0.15–0.075, and <0.075 mm. This experiment was conducted with
ﬁxed iron mineral content of 1% (10 mgiron mineral/gsand) and varying the iron grain size diameter of
magnetite or pyrite from 1–0.6 mm to <0.075 mm. To further investigate the effect of grain size diameters of
iron minerals, three mixtures of equal proportions (0.5% w/w or 5 mgpyrite/gsand) of different grain size
diameters of pyrite (<0.075 mm + 1–0.6 mm, 0.3–0.6 mm + 1–0.6 mm, and <0.075 mm + 0.3–0.15 mm) were
prepared and complex conductivity measurements were obtained (experiment V).
5.2. Magnetic Susceptibility
The magnetic susceptibility measurements were performed by retrieving three samples from the sand
columns (top, middle, and bottom) after each experiment with the complex conductivity measurements.
The samples were transferred into 10 mL cylindrical plastic bottles, and volumetric magnetic susceptibility
measurements were obtained. The error associated with three measurements relative to the average values
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Figure 3. Results of complex conductivity measurements, (a) quadrature
conductivity (σ″) and (b) inphase conductivity (σ′) of triplicate agar
gel-sand mixture (background) packed three times show very good
reproducibility of the triplicate complex conductivity response of the
agar gel-sand mixture.

10.1002/2014JG002659

was determined using the standard
deviation calculation. The ﬁrst set of
measurements was conducted in samples
containing individual iron mineral phases
(10 mgiron mineral/gsand and grain diameter
of 3–0.15 mm). The second set of
measurements were conducted for the
four different iron minerals mixtures
(magnetite + hematite, magnetite + goethite,
magnetite + siderite, and magnetite + pyrite)
with equal proportions (1% w/w or 10 mgiron
mineral/gsand of each using the same grain
diameter of 0.3–0.15 mm) as well as a
mixture of equal proportions of the ﬁve iron
minerals (magnetite + pyrite + hematite +
goethite + siderite). For the third experiment,
magnetic susceptibility measurements
were obtained on samples with different
magnetite content (0, 1.5, 5, 10, and
20 mgmagnetite/gsand) with a grain diameter
of 0.3–0.15 mm. The ﬁnal set of magnetic
susceptibility measurements were
conducted on samples with varying grain
size diameters (1–0.6, 0.6–0.3, 0.3–0.15,
0.15–0.075, and <0.075 mm) of magnetite
mineral (10 mgmagnetite/gsand).

6. Results

6.1. Complex Conductivity Results
6.1.1. Control Experiments
The quadrature conductivity (σ″) component
(Figure 2a) and the inphase conductivity component (σ′) (Figure 2b) of both agar gel-sand mixture and
NaCl-sand mixture are relatively the same. The quadrature conductivity (σ″) magnitude of the NaCl-sand
mixture shows a 2.3% change from the agar gel-sand mixture at 0.1 Hz, which increases to 5.6% change
10,000 Hz (Figure 2a). Similarly, the inphase conductivity component (σ′) of NaCl-sand mixture shows a
percent change from the agar gel-sand mixture of 0.1 at 0.1 Hz, increases to 1 at 10,000 Hz (Figure 2b).
These results indicate that the viscosity of the agar gel has minimal effect on the measured complex
conductivity response.
The calculated standard deviations from the average of the triplicate measured quadrature conductivity (σ″)
component (Figure 3a) and the inphase conductivity (σ′) component (Figure 3b) of the agar gel-sand mixture
with the same conditions range from 0.03 to 0.33 × 105 S/m and 0.0.70 to 0.069 × 103 S/m, respectively.
These results show that the sample packing has minimal effect as the complex conductivity response is
highly reproducible within the frequency range of 0.1–10,000 Hz.
6.1.2. Signature of Iron Minerals
At frequencies below 1 Hz, the magnitude of the quadrature conductivity (σ″) component displays small
variation between all measured iron minerals and the background clean sand (no iron minerals) with an
average value of 0.52 × 105 ± 0.003 × 105 S/m ) (Figure 4a). At frequencies above 1 Hz, the measured
iron minerals can be arranged based on the magnitude of the quadrature conductivity values as
(pyrite > magnetite> > hematite > goethite > siderite) with goethite and siderite showing quadrature
conductivity response very close to the background clean sand (Figure 4a). However, disseminated
hematite shows an increase in the quadrature conductivity magnitudes above 100 Hz exceeding the
quadrature conductivity magnitudes of pyrite at a frequency of 10 kHz (Figure 4a). Both pyrite and
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magnetite show a well-deﬁned relaxation
peak in the σ″ spectra centered at frequencies
of 250 Hz and 1000 Hz with quadrature
conductivity magnitude of 10.01 × 105 S/m
and 7.97 × 105 S/m, respectively (Figure 4a).
These relaxation peaks in the quadrature
conductivity spectra are not observed with
the hematite, goethite, and siderite within the
applied frequency range (0.1–10 kHz). The
change in the magnitude of the inphase
conductivity component (σ′) of the
measured iron minerals was low (around
13.61 × 103 ± 1.00 S/m) compared to the
quadrature conductivity (Figure 4b). The
percent changes in the inphase conductivity
magnitude of the iron minerals from the
background are +8.92, +7.67, +1.98, +1.74,
and 3.38 for pyrite, magnetite, hematite,
siderite, and goethite, respectively (Figure 4b).
6.1.3. Signature of Mixed Iron Minerals
At frequencies above 1 Hz, the mixture of
equal proportions of (magnetite + hematite),
(magnetite + goethite), and (magnetite + siderite)
show higher quadrature conductivity magnitude
compared to the individual response of
hematite, goethite, and siderite (Figures 5a–5c).
Figure 4. Results of complex conductivity measurements, (a)
The mixtures show about 10% decrease in the
quadrature conductivity (σ″) and (b) inphase conductivity (σ′) of
quadrature conductivity magnitude relative to
different iron mineral phases (10 mgiron mineral/gsand and grain
diameter of 0.3–0.15 mm) disseminated in saturated ﬁne sand. The the magnetite by itself which continue to
different iron minerals show quadrature conductivity magnitudes
decrease to about 15% at higher
in the order of pyrite > magnetite > hematite > goethite > sidefrequencies (10 kHz) except for the case of
rite with insigniﬁcant changes in the inphase conductivity. Both
(magnetite + siderite) which increases by
pyrite and magnetite show a well-deﬁned relaxation peak in the
almost 1 order of magnitude (Figures 5a–5c).
quadrature conductivity response below 1000 Hz, not observed
Moreover, the quadrature conductivity
with the other iron minerals.
spectra of the mixtures are characterized by
the presence of well-deﬁned relaxation peaks
centered at 1 kHz similar to the relaxation peak of the magnetite mineral (Figures 5a–5c). On the other
hand, the mixture of equal proportions of (magnetite + pyrite) displays an increase in the quadrature
conductivity magnitude by about 75% and 120% (at 500 Hz) relative to the individual pyrite and magnetite,
respectively (Figure 5d). The quadrature conductivity response of the mixture of (magnetite + pyrite)
displays a well-deﬁned relaxation peak centered at 250 Hz similar to the relaxation peak of the pyrite
mineral (Figure 5d).
The addition of equal proportions of magnetite to hematite, goethite, and siderite result in a decrease in
the magnitude of the inphase conductivity response compared to the magnetite which is slightly lower
than or equal to the individual inphase conductivity response of the hematite, goethite, and siderite
minerals (Figures 6a–6c). However, the addition of equal proportions of magnetite to pyrite increases the
magnitude of the inphase conductivity response by 4.7% and 5.7% compared to the individual inphase
conductivity response of magnetite and pyrite, respectively (Figure 6d). Similar inphase and quadrature
conductivity results were obtained (not shown here) for the mixture of pyrite with hematite, goethite,
and siderite.
6.1.4. Effect of Iron Mineral Content
At frequencies above 1 Hz, the magnitude of the quadrature conductivity increases with increasing
pyrite and magnetite content with the development of well-deﬁned relaxation peaks centered at
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Figure 5. Quadrature conductivity (σ″) response as a function of frequency for 1% (10 mgiron mineral/gsand) of individual
magnetite, pyrite, hematite, goethite, and siderite iron minerals (with open symbols) and mixtures of equal proportions
(1:1 with 1% = 10 mgiron mineral/gsand) of different iron minerals (a) magnetite + hematite, (b) magnetite + goethite,
(c) magnetite + siderite, and (c) magnetite + pyrite (ﬁlled symbols), disseminated in saturated ﬁne sand. The grain diameters
for each of the iron minerals were maintained to 0.3–0.15 mm. The mixtures of magnetite + hematite, magnetite + goethite,
and magnetite + siderite show a decrease in the magnitude of quadrature conductivity except for the mixture of
magnetite + pyrite.

1000 Hz and 250 Hz for magnetite and pyrite, respectively (Figures 7a and 7b). At lower magnetite and
pyrite contents, the relaxation peaks are broader in shape and become narrower at higher content
(Figures 7a and 7b). The increase in the magnitude of the quadrature conductivity with increasing iron
mineral content was relatively higher in the case of pyrite compared to magnetite (Figures 7a–7c). At the
relaxation frequencies, the quadrature conductivity magnitude of magnetite increases from 2.79 × 105
to 14.83 × 10 5S/m and pyrite from 2.93 × 105 to 18.25 × 10 5S/m by increasing the content of the
disseminated minerals from 1.5 to 20 mgiron mineral/gsand, respectively (Figures 7a and 7b). Figure 7c
shows that the relationship between the quadrature conductivity magnitude at the relaxation peaks and
the content of magnetite and pyrite can be ﬁtted with a power law relationship. The power law
exponents of pyrite (0.68, obtained from σ″ × 105 = 2.24 × pyrite (mg/g sand)0.68) and magnetite (0.64,
obtained from σ″ × 105 = 1.97 × magnetite (mg/g sand)0.64) are relatively equal indicating that the rate of
change in the quadrature conductivity magnitude as a function of pyrite and magnetite are relatively
the same as demonstrated by the power law relationships shown in Figure 7c.
The increase in magnetite and pyrite content shows relatively small change in the σ′ response (with a percent
change of 2.69 for magnetite and 13.37 for pyrite) compared to quadrature conductivity (with a percent
change of 431.54 for magnetite and 491.77 for pyrite) (Figures 7d–7f ). The inphase conductivity
magnitude of magnetite displays minimal changes from the background with an average value of
13.19 ± 0.03 × 103 S/m, except at content of 10 mgiron mineral/gsand which increases to 14.47 × 103 S/m
(Figure 7d). The inphase conductivity magnitude of pyrite increases from 13.37 × 103 to 15.03 × 103 S/m
by increasing the content from 1.5 to 20 mgiron mineral/gsand, respectively (Figure 7e). The established
power law relationship of the inphase conductivity magnitude versus iron mineral content
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Figure 6. Inphase conductivity (σ′) response as a function of frequency for 1% (10 mgiron mineral/gsand) of individual
magnetite, pyrite, hematite, goethite, and siderite iron minerals (with open symbols) and mixtures of equal proportions
(1:1 with 1% = 10 mgiron mineral/gsand) of different iron minerals (a) magnetite + hematite, (b) magnetite + goethite,
(c) magnetite + siderite, and (c) magnetite + pyrite (ﬁlled symbols), disseminated in saturated ﬁne sand. The grain
diameters for each of the iron minerals were maintained to 0.3–0.15 mm. The mixtures of magnetite + hematite,
magnetite + goethite, and magnetite + siderite show a decrease in the magnitude of inphase conductivity except for
the mixture of magnetite + pyrite.

(σ′ × 103 = 13.13 × magnetite (mg/g sand)0.02 for magnetite and (σ′ × 103 = 13.08 × pyrite (mg/g sand)0.05 )
shows that the power law exponent of magnetite (0.02) is smaller than for pyrite (0.05) with correlation
coefﬁcients (R2) of 0.28 and 0.99 for magnetite and pyrite, respectively (Figure 7f ).
6.1.5. Effect of Iron Mineral Grain Diameters
The quadrature conductivity magnitude increases, and characteristic relaxation peaks progressively shift
toward higher frequencies with decreasing the grain size diameters (1–0.6, 0.6–0.3, 0.3–0.15, 0.15–0.075, to
<0.075 mm) of the disseminated magnetite and pyrite (Figures 8a and 8b). The central frequencies of the
relaxation peaks of the quadrature conductivity spectra of magnetite (250, 500, 1000, 2150, and 10,000 Hz)
are higher than those of pyrite (50, 100, 250, 1000, and 10,000 Hz) (Figures 6a and 6b). At the relaxation
frequencies, the quadrature conductivity magnitude of magnetite mineral increases from 5.52 × 105 to
20.71 × 105S/m and pyrite mineral from 6.87 × 105 to 29.26 × 105 S/m by decreasing the grain size
diameters of the disseminated minerals from 1–0.6 mm to <0.075 mm (Figures 8a and 8b). Figure 8c shows
that the relationship between the σ″ magnitude at the relaxation peaks and the grain size diameters of
magnetite and pyrite can be ﬁtted with a power law relationship. At the relaxation frequencies, the σ″
magnitude of magnetite mineral is lower than pyrite; however, the power law exponents are relatively the
same [0.50 for magnetite (σ″ × 105 = 5.09 × magnetite (grain diameter in mm)0.50) and 0.51 for pyrite
(σ″ × 105 = 6.48 × pyrite (grain diameter in mm)0.51)] (Figure 8c).
The inphase conductivity of magnetite mineral increases from 14.58 × 103 to 15.58 × 103 S/m and
pyrite mineral from 13.98 × 103 to 19.62 × 103 S/m by decreasing the grain size diameters of the
disseminated minerals from 1–0.6 mm to <0.075 mm (Figures 8d and 8e). The increase in inphase
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Figure 7. Results of complex conductivity measurements (σ″ and σ′) of different mass content (0, 1.5, 5, 10, and 20 mgiron mineral/gsand) and ﬁxed grain size diameter
(0.3–0.15 mm) of (a and d) magnetite and (b and e) pyrite with (c and f) power law relationships of the complex conductivity measurements at the relaxation peaks
versus mass content of the two iron minerals. The quadrature conductivity (σ″) magnitude increases with increasing the content of magnetite and pyrite with
pyrite being the highest. The inphase conductivity (σ′) magnitude shows insigniﬁcant change with increasing the content of magnetite and pyrite.

conductivity magnitude as a function of grain diameters is relatively smaller (with a percent change of
6.92 for magnetite and 40.27 for pyrite) than the quadrature conductivity (with a percent change of
275.31 for magnetite and 326.19 for pyrite) with pyrite being the highest (Figures 8d and 8f ). The power
law exponent of magnetite (0.04 obtained from (σ′ × 103 = 13.84 × magnetite (grain diameter in mm)0.04)
is 3 times lower than pyrite (0.12 obtained from (σ′ × 103 = 13.50 × pyrite (grain diameter in mm)0.12) as

Figure 8. Results of complex conductivity measurements (σ″ and σ′) of different grain size (1–0.6, 0.6–0.3, 0.3–0.15, 0.15–0.075, and <0.075 mm) and ﬁxed content
(10 mgiron mineral/gsand) of (a and d) magnetite and (b and e) pyrite with (c and f) power law relationships of the complex conductivity measurements at the
relaxation peaks versus grain size diameters of the two iron minerals. The quadrature conductivity (σ″) magnitude increases with decreasing the grain size diameters
of magnetite and pyrite with a progressive shift in relaxation peak into higher frequency. The quadrature conductivity of pyrite is higher than magnetite with
insigniﬁcant change in the inphase conductivity (σ′) magnitude.
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Figure 9. Results of (a–c) quadrature (σ″) (d–f ) and inphase (σ′) conductivity measurements of individual grain size diameters (1% = 10 mgpyrite/gsand of
1–0.6, 0.3–0.15, and <0.075 mm) and mixtures of equal proportions of grain size diameters (1:1 of 0.5% = 5 mgpyrite/gsand of <0.075 + 1–0.6 mm and
<0.075 + 0.3–0.15) of pyrite disseminated in saturated ﬁne sand. The quadrature (σ″) and inphase (σ′) conductivity of the mixtures show additive
response averaged between the two different grain size diameters.

shown from the established power law relationship of the σ′ magnitude versus iron mineral grain
diameter for magnetite and pyrite (Figure 8f).
6.1.6. Effect of Mixed Iron Minerals Grain Diameters
The magnitude of the quadrature conductivity and observed relaxation peaks of the mixtures of equal
proportions of two different grain size diameters of pyrite show average values of quadrature
conductivity magnitudes and relaxation peaks of the two individual grain size diameters (Figures 9a–9c).
In other words, the quadrature conductivity magnitude and observed relaxation peaks of the
mixtures of equal proportions of two different grain size diameters of pyrite are additive. Similarly,
the inphase magnitudes of the mixtures of equal proportions of two different grain size diameters of
pyrite display average values for the sum of the inphase magnitudes of the individual grain size
diameters of pyrite (Figures 9d–9f ). Furthermore, the individual and mixtures of the two different grain
size diameters of pyrite display a wide range in inphase values (14 × 103 to 19 × 103 S/m) except for
the mixture and individual grain diameters of 0.3–0.15 mm and 1–0.6 mm which display a very narrow
range in in phase (14 × 103 to 14.4 × 103 S/m).
6.2. Magnetic Susceptibility
In general, the calculated standard deviation from the average of the triplicate measured sample was
found to be less than 1.25 SI. The results of the volumetric magnetic susceptibility (χ v in SI) of different iron
minerals in saturated ﬁne sands (10 mgiron mineral/gsand) show that the χ v response of magnetite (87.90 SI)
dominates the χ v response of all the other minerals (χ v ranges from 0.56 to 1.70 SI) (Figure 10a). Moreover,
the χ v of the equal proportions of magnetite + pyrite (79.34 SI), magnetite + hematite (88.32 SI),
magnetite + goethite (81.80 SI), and magnetite + siderite (80.52 SI) as well as the mixture of equal
proportions of all minerals together (89.18 SI) show insigniﬁcant changes in the χ v response compared to
χ v response of magnetite alone (87.90 SI) (Figure 10b). The correlation between the χ v response and
different content (0–20 mgiron mineral/gsand) of magnetite shows a strong linear relationship
(y = 8.63x + 0.96) with a correlation coefﬁcient (R2) equals 1 (Figure 10c). By changing the grain diameters
of magnetite from 1.000–0.600 mm to 0.150–0.075 mm, the χ v response shows a small change with an
average value of 86.42 ± 1.39 SI (Figure 10d). At grain diameters of <0.075 mm, the χ v response of
magnetite decreases relatively to 70.01 (SI) (Figure 10d).

ABDEL AAL ET AL.

©2014. American Geophysical Union. All Rights Reserved.

1841

Journal of Geophysical Research: Biogeosciences

10.1002/2014JG002659

Figure 10. Volumetric magnetic susceptibility (χ v) measurements in sands with (a) different iron minerals (10 mgiron
(b) equal proportions of mixed iron minerals, (c) different content and ﬁxed grain size (0.3–0.15 mm) of
magnetite, and (d) different grain size and ﬁxed content (10 mgmagnetite/gsand) of magnetite. The χ v response is dominated by magnetite mineral displaying a linear correlation with magnetite concentration and insigniﬁcant change with
varying the grain size diameter of magnetite.

mineral/gsand),

7. Discussion
7.1. Geophysical Signatures of Individual and Mixed Iron Phase Minerals
In a recent laboratory study investigating the spectral induced polarization responses of magnetite-Fe (II)
redox reactions in porous media, Hubbard et al. [2014] hypothesized that under an applied electric ﬁeld, the
polarization response at the interface between the magnetite particle and the pore ﬂuid is facilitated by the
mobile charges within the magnetite particle, balanced by the buildup of oppositely charged ions in the pore
ﬂuid adjacent to the particle surface. This suggests that the electric double layer (EDL) and charge (ions)
accumulation at the mineral ﬂuid interface will be inﬂuenced by the number of mobile charge carriers
(electrons and hole polarons) within the semiconductive iron minerals controlling the magnitude of the
polarization response of the iron mineral. The same hypothesis can be applied to the magnitude of the
electrochemical polarization associated with the redox reactions and charge transfer between the adsorbed
electroactive ions and the iron mineral surface. In addition, the density of the charge carriers within the lattice
structure of the iron mineral will contribute to the magnitude of the inphase component through the
electronic conduction when grain to grain contact does exist. Accordingly, the variations in the population of
charge carriers within the structure lattices of the iron mineral used in our study will most likely result in
variation in the complex conductivity response.
Our results show that the magnitude of the complex conductivity parameters (inphase and quadrature
conductivity) are in the order of pyrite > magnetite > hematite > goethite > siderite (Figure 4). We
determined the density of mobile charge carriers (electrons or hole polarons) within the lattice structure of
the iron minerals from the values of their band gaps (a gap between the valence band and conduction band
where no electrons exist) [Kingston and Neustadter, 1955]. The lower the band gap, the higher the population
of conduction electrons/hole polarons and hence the general electrical conductivity of the mineral [Cornell
and Schwertmann, 2003]. The band gaps of the iron minerals used in our study and accordingly the density of
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charge carriers within the minerals are in the order of magnetite (0.14 eV), pyrite (0.95 eV), hematite (2.2 eV),
goethite (2.6 eV), and siderite (4.4 eV) [Xu and Schoonen, 2000; Sherman, 2009]. Based on the band gap values,
there is relatively a good agreement between the density of charge carriers within the iron minerals and
the complex conductivity response, except in the case of pyrite. Previous studies have documented that
pyrite samples found in nature usually contain small amounts of other minor and trace elements (e.g., Cd, Ni,
and As) that dramatically enhance the electrical properties of the mineral because they contain more free
electrons or holes that can contribute to a large extent to the conductivity of the mineral [Lehner et al., 2006].
Due to the high band gap values and lower charge carriers within goethite and siderite minerals, they are
classiﬁed as insulators and the conduction and polarization response of these iron minerals will be very low
and closer to the response of the background sand. The small quadrature conductivity response of goethite,
siderite, and hematite basically arises from ion migration within the electric double layer (EDL) at the mineral
water interface [Leroy et al., 2008; Vaudelet et al., 2011a, 2011b; Zhang et al., 2012]. The conduction and
polarization response of hematite is relatively higher than goethite and siderite due to the presence of few
mobile charges within the structure lattices of hematite.
Both pyrite and magnetite show well-deﬁned relaxation peaks in the quadrature conductivity spectra (σ″)
centered at frequencies of 250 Hz and 1000 Hz, respectively (Figure 4a). These relaxation peaks are due to the
strong EDL and electrochemical polarization of the interface between the iron mineral and pore ﬂuid. The
inphase conductivity response will be mostly controlled by the conductivity and volumetric content of the iron
minerals, and the magnitude will follow the same order of the quadrature conductivity component (Figure 4b).
Our results show that the quadrature conductivity response of a porous medium containing mixed
conductive (e.g., magnetite) and nonconductive (e.g., hematite, goethite, and siderite) iron minerals is
dominated by the conductive mineral and is linearly proportional to its mass fraction (Figures 5a–5c).
Accordingly, the presence of two conductive iron minerals (magnetite + pyrite) will increase the mass
fractions of the polarized particles and therefore enhance the polarization response (Figure 3d). Most
interestingly, we observed that the relaxation peak of the magnetite-pyrite-sand mixture is dominated by the
pyrite which can be explained by the relatively higher polarizability of pyrite compared to magnetite. The
inphase response of the conductive (e.g., magnetite) and nonconductive (e.g., hematite, goethite and
siderite) iron mineral-sand mixture was observed to be lower in magnitude than the response of the
individual iron minerals (Figures 6a–6b). The contribution of electronic conduction of the conductive iron
minerals to the measured inphase response requires a grain to grain contact of the conductive iron mineral
resulting in a continuous electronic conduction path. The presence of nonconductive iron minerals will break
down such a connection and mask the contribution of electronic conduction of the conductive iron mineral.
However, the presence of two different conductive iron minerals in the sand (magnetite + pyrite) enhances the
magnitude of the inphase response compared to the individual response of each mineral (Figure 6d). The
enhancement in the inphase response results from the increase in grain to grain contacts of the conductive
minerals and the resulting electronic conduction path between the two conductive iron minerals.
The magnetic susceptibility measurements are highly dominated by magnetite, which is 86 times higher than
the other measured iron minerals. Magnetite is a spinel group mixed ferrous-ferric iron oxide mineral with
ferrimagnetic properties. In magnetite, two thirds of the iron atoms align themselves in one direction, but the
remaining one third of the iron atoms are aligned in the opposite direction [Mullins, 1977; Dearing et al., 1985].
This results in a strong positively aligned magnetic moment when placed in an appropriate ﬁeld [Mullins,
1977; Dearing et al., 1985]. Pyrite and siderite are paramagnetic minerals, whereas hematite and goethite are
antiferromagnetic minerals and all are known to have very small magnetic susceptibilities. Therefore, the
presence of magnetite in porous media will dominate the magnetic susceptibility response even if trace
amounts are present [Dearing et al., 1985]. This is supported by our results where equal proportions of iron
minerals are mixed and the magnetic susceptibility response was approximately equal to the response of
magnetite alone (Figure 10).
Figure 11 shows a cross plot of the quadrature conductivity at 100 Hz and magnetic susceptibility
measurements of the iron minerals samples (10 mgiron mineral/gsand and 0.3–0.15 mm grain diameter)
used in this study. The plot displays three different types of geophysical signatures as follows: type
(I) representing magnetite showing high quadrature conductivity (σ″) and magnetic susceptibility (χ v), type
(II) representing pyrite showing high quadrature conductivity and low magnetic susceptibility, and type (III)
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representing hematite, goethite, and
siderite, showing low quadrature
conductivity and low magnetic
susceptibility. The cross plot clearly
demonstrates the advantage of integrating
the complex conductivity and magnetic
susceptibility methods and the joint
interpretation of the obtained results.
7.2. Geophysical Signatures of Different
Iron Mineral Content and Grain Size
Under different redox conditions, the
interaction between microorganisms and
minerals at low temperatures often lead to
acceleration and transformation of iron
Figure 11. Cross plot of quadrature conductivity (σ″) at 100 Hz versus
mineral phases through dissolution and
magnetic susceptibility (χ v) of iron minerals (10 mgiron mineral/gsand
and 0.3–0.15 mm grain diameter) disseminated in saturated ﬁne sand. precipitation. The dissolution and
Three different types of geophysical signatures are observed as follow: precipitation processes will decrease or
type (I) representing magnetite showing high σ″ and χ v, type (II)
increase the mass/volumetric content as
representing pyrite showing high σ″ and low χ v, and type (III) reprewell as surface area of iron minerals
senting hematite, goethite, and siderite, showing low σ″ and χ v.
[Schwertmann and Fitzpatrick, 1992].
Relationships between the magnitude of
the IP effect and the percentages of metallic minerals are well documented [Pelton et al., 1978; Vanhala and
Peltoniemi, 1992; Seigel et al., 1997; Bigalke and Junge, 1999]. Under the same grain size diameter of the
iron minerals, our results show that the increase in polarized particles of pyrite or magnetite content
increases the quadrature conductivity magnitude with a strong power law relationship (R2 > 0.95). The
similar power law exponents of pyrite (0.68) and magnetite (0.64) indicate that the polarization mechanisms
for the two iron minerals are similar; however, the magnitude is higher in the case of the highly polarized
pyrite. The increase in the content of pyrite and magnetite increases the grain to grain contacts of the
conductive minerals resulting in a relatively high enhancement in the electronic conduction path and the
inphase magnitudes. The strong power law equations for the quadrature conductivity component (Figure 7c)
can be used to estimate the content of the pyrite or magnetite in the subsurface porous media. In addition,
a strong linear relationship was obtained between the magnetite content and magnetic susceptibility
(Figure 11b) which can be used to estimate the magnetite content from the magnetic susceptibility
measurements. Our results show that the increase in pyrite content will signiﬁcantly increase the magnitude
of the quadrature conductivity component, whereas the increase in magnetite content will signiﬁcantly
increase both the quadrature conductivity and magnetic susceptibility magnitudes. These distinctive
observations can be used to discriminate between the two iron minerals using integrated complex conductivity
and magnetic susceptibility measurements.
Under the same mass fraction, the decrease in iron mineral grain size in sediments will enhance the surface area
of the polarized iron mineral particles and increase the polarization magnitude. Previous studies showed that
the characteristic relaxation time constant of metals in sediments was experimentally found to be proportional
to the square of the grain size of the metallic minerals [Pelton et al., 1978; Wong, 1979; Wait, 1982; Olhoeft,
1985; Slater et al., 2005]. Our results clearly demonstrate that under the same iron mineral content, there is a
progressive increase in quadrature conductivity magnitude and shift in the relaxation peaks to higher
frequencies with decreasing grain size diameters of pyrite and magnetite particles (Figure 8). However, the
magnitude of the quadrature conductivity and the frequency values of the characteristic relaxation peaks
were lower in magnetite compared to pyrite due to the relatively higher polarizability of pyrite.
Despite the fact that most of the biogenic iron minerals are in the nanometer scale (2–500 nm) [Fortin and
Châtellier, 2003], our main intention here is to demonstrate the effect of grain size diameters of iron mineral
particles on the complex conductivity response. According to our results, one should expect that the
relaxation peak of the polarization response of the nanoparticulate iron biominerals will be observed at very
high frequencies (>1 KHz) not attainable with the ﬁeld complex conductivity instruments. While this is true,
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our results still show a difference in the magnitude of the polarization response at frequencies (<100 Hz)
below the frequencies of the relaxation peaks which can be used to discriminate between the different grain
size of the iron minerals. Moreover, we expect that the progressive nucleation and crystal growth of iron
minerals as well as the possible aggregation of the produced nanoparticulate and adsorption to the
nonmetallic grains of the porous material will exhibit a similar effect as demonstrated for the grain size range
of our results. This is supported by the study of Atekwana et al. [2014] where scanning electron microscopy
images (see Figures 9a and 9c) show magnetite coating sand grains (millimeter scale) within the zone of
enhanced complex conductivity response observed by Mewafy et al. [2013]. Also, the study by Slater et al.
[2007] explained the polarization response associated with sulﬁde biomineralization under anaerobic
conditions due to the biomineral encrusted pores. The study by Joyce et al. [2012] using spectral-induced
polarization (complex conductivity) measurements of different nonmetallic particles showed that both
nanosilver and nanozero valent iron displayed a relaxation peak at 50 Hz and 500 Hz, respectively. The author
related the low-frequency-dependent response to the formation of aggregates that increased the particle size to
microsized particles. Moreover, we expect that the magnitude of the complex conductivity response of the
nanoparticulate iron mineral will be higher due to the high-surface reactivity of these minerals which will be
highly detectable and discriminable at lower frequencies. Moreover, the latest development in ﬁeld
instrumentation is attempting to expand the frequency range that can be measured in the ﬁeld.
For a simple case of porous media containing only one grain size of pyrite or magnetite, the obtained power
law relationship between the quadrature conductivity and grain size diameters of pyrite and magnetite can
be used to estimate the grain size diameters of the iron minerals (Figure 8c). For a complex system with two
different grain sizes of iron minerals, the results clearly demonstrate that the polarization and conduction
mechanisms of the mixture (e.g., pyrite) are additive (Figure 9). On the other hand, the variations in the grain
size diameters of magnetite particles showed very minimal effect on the measured magnetic susceptibility
(Figure 11c). This is because the magnetite will show only a multidomain magnetic susceptibility response for
the range of grain size diameters used in this experiment [Dearing et al., 1996]. The grain size of biogenic iron
minerals are mostly in the nanometer scale which will exhibit a single-domain or superparamagnetic
response [Dearing et al., 1996]. Therefore, a wide range of grain size diameters (nanomillimeters) is required
to induce a change in the measured magnetic susceptibility. The concentration or content of the magnetite
mineral is more important than the variations in grain size diameters as supported by our observations.
Therefore, the variations in grain size diameters of biogenic iron minerals will be highly detectable using
complex conductivity measurements, whereas the variation in content will be highly detectable by both
complex conductivity and magnetic susceptibility.
7.3. Implications
Here we provide a schematic diagram summarizing the main ﬁndings of the present study (Figure 12) and then
provide an example for how these ﬁndings can be used to investigate some of the biophysicochemical
processes in the subsurface environment (Figure 13). Figure 10a shows that the microbial mineral interactions
and associated biophysicochemical processes (e.g., iron or sulfate reduction) may enhance the production
of Fe(II) in solution which will react with Fe (III), HS, and HCO3 and form different iron phase minerals. These
iron minerals display different complex conductivity and magnetic susceptibility signatures. Both pyrite and
magnetite display the highest complex conductivity response, and only magnetite shows the highest magnetic
susceptibility response. The hematite, goethite, and siderite iron minerals display low complex conductivity
and magnetic susceptibility response and are found to be undetectable under our experimental conditions
using these two different techniques. In the case where the biophysicochemical process results in a mixture of
two different iron minerals (Figure 12b), the complex conductivity and magnetic susceptibility response will be
dominated by the most conductive and magnetic iron mineral, respectively. Figure 12c shows that both the
quadrature conductivity and magnetic susceptibility were sensitive to the iron mineral content (e.g., magnetite)
exhibiting a strong power law and linear relationship, respectively. Iron mineral dissolution and precipitation
resulting in different grain size diameters will impact the complex conductivity response by increasing the
magnitude of the quadrature conductivity and shifting the relaxation peak to higher frequencies with
decreasing grain size diameter (Figure 12d). The mixture of two different grain sizes for the same iron mineral
will display an average quadrature conductivity response (Figure 12d). The magnetic susceptibility
measurements were insensitive to the grain size ranges used in our study (Figure 12d).
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Figure 12. Schematic diagram summarizing under our experimental conditions the quadrature conductivity (σ″) and magnetic susceptibility (MS) signatures of (a)
different iron minerals, (b) iron minerals mixtures, (c) iron mineral content, and (d) individual iron mineral grain size and mixtures resulting from the biophysicochemical processes associated with the microbial mineral interactions.

Under our laboratory experimental conditions, the characteristic complex conductivity and magnetic
susceptibility properties of the measured iron mineral phases can be used to discriminate between these
minerals and infer some information about the subsurface biophysicochemical conditions associated with
the microbial mineral interactions. In a review article of anaerobic oxidation of methane (AOM), Caldwell et al.
[2008] proposed that the sulfate-methane transition (SMT) zone in marine sediments which is created and

Figure 13. Schematic diagram showing how the integration of quadrature conductivity (σ″) and magnetic susceptibility
(MS) measurements can be used to precisely map the sulfate-methane transition (SMT) zone in marine sediments where
the anaerobic oxidation of methane (AOM) is coupled to the sulfate reduction. (a) The SMT zone is characterized by
depletion in iron oxides minerals (e.g., magnetite) which are biotransformed to pyrite resulting in (b) a decrease in the
magnetic susceptibility magnitude and increase in the quadrature conductivity (σ″) magnitude.
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maintained by AOM consortia may be studied with geophysical tools. These biogeophysical tools provide
rapid determination of AOM activity due to the sensitivity of these techniques to the presence of microbially
induced mineralization of magnetic or nonmagnetic iron sulﬁdes left by AOM communities. Figure 13a shows
the biophysicochemical processes within the SMT zone which can be summarized from the study of Riedinger
et al. [2005] by the following reactions:
CH4 þ SO4 2 → HCO3  þ H2 O þ HS ;


þ

(4)

o

(5)

Fe2þ þ HS → FeSs þ Hþ ;

(6)

Fe3 O4 þ HS þ 7H → 3Fe


FeSðsÞ þ HS

ðaqÞ

þ

þ H

2þ

ðaqÞ →

þ S þ 4H2 O;

FeS2ðsÞ þ H2ðgÞ :

(7)

Equation (4) represents the coupling of sulfate reduction and anaerobic oxidation of methane resulting in the
enrichment of HS within the coupling interface. Equation (5) shows that the production of HS-facilitates the
reduction of iron oxides such as magnetite resulting in a production of Fe2+ which will react with
HS(equation (6)) producing iron monosulﬁde (FeS) solid phase. The FeS is unstable and will be converted
immediately to pyrite by further interaction with HS (equation (7)). The net result of such biogeochemical
process is depletion in the iron oxide mineral represented here by magnetite at the SMT zone with the
enrichment of pyrite. Previous studies showed that the SMT zone is characterized by distinct minima in
magnetic susceptibility due to the conversion of initial magnetic minerals to pyrite (pyritization) [Garming
et al., 2005; Riedinger et al., 2005]. Our results show that pyrite is less magnetic and highly polarizable.
Therefore, the SMT zone will be characterized by minima in the magnetic susceptibility versus depth
distribution (due to depletion of magnetite) and maxima in the quadrature conductivity (due to enrichment
with highly polarizable pyrite grains) as demonstrated in Figure 13b. Therefore, we postulate, based on our
laboratory work, that the SMT zone can be precisely mapped by integrating complex conductivity and
magnetic susceptibility measurements reducing the need for extensive coring and analyses of pore water
sulfate and methane concentration.

8. Conclusions
The present study demonstrates the advantage of integrating complex conductivity (in particular the
quadrature conductivity component) and magnetic susceptibility measurements to discriminate between
different iron minerals under variable conditions. Pyrite and magnetite were the highly polarized and
conductive minerals compared to hematite, goethite, and siderite, whereas magnetite is the only highly
magnetic mineral and the presence of a small percentage of magnetite will dominate the magnetic
susceptibility measurements of all these minerals together. The high interfacial polarizability of pyrite
and magnetite are due to the high population of conduction electrons within the structure lattices of
the minerals contributing indirectly to the polarization of the electric double layer and directly to the
electrochemical polarization due to charge transfer between adsorbed redox electroactive species and
iron mineral surface.
The quadrature conductivity is shown to be more sensitive than magnetic susceptibility to the variations in
grain size diameters (showing additive response) of iron minerals (e.g., pyrite and magnetite). Strong power
law relationships were established from quadrature conductivity and magnetic susceptibility measurements
that can be used to quantitatively estimate the mass fraction of highly polarized (e.g., pyrite and magnetite)
and magnetic (e.g., magnetite) iron minerals, respectively.
The results of our study may have implications for the successful investigations of microbial mineral interactions
and biophysicochemical processes resulting in biotransformation or precipitation of secondary iron mineral
phases with different electrical and magnetic properties. For example, integrating complex conductivity and
magnetic susceptibility may be useful in (1) locating the sulfate-methane transition (SMT) zone due to the
presence of iron sulﬁdes, (2) monitoring the biogeochemical conversion of initial magnetic minerals to
pyrite (pyritization) due to the sulfate reduction coupled to the anaerobic oxidation of methane (AOM) and
(3) monitoring bioremediation strategies that result in the precipitation of mineral phases with different
electrical and magnetic prosperities.
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